Introduction
The biological effects of ionizing radiation in mammalian cells include gene mutation, chromosomal rearrangement, cellular transformation, cell death and carcinogenesis. For many years, the central dogma in radiobiology has been that the nucleus, specifically the DNA, is the principal target for the biological effects of radiation. Following irradiation, the initial radiationinduced DNA damage is converted into a mutation or chromosomal aberration during subsequent DNA repair and is expressed by the irradiated cell and its progeny. Over the last 10 years, evidence has accumulated demonstrating that those same deleterious effects can occur in the progeny of irradiated cells at delayed times after radiation exposure. These deleterious effects occurring in the progeny of an irradiated cell are broadly grouped under the all-embracing rubric of radiation-induced genomic instability and have been the subject of a number of recent reviews (Morgan et al., 1996; Wright, 1998; Little, 2000) . An example of a single cell clonally expanded after radiation exposure that exhibits genomic instability as determined cytogenetically is presented in Figure 1 . During clonal expansion of that single irradiated cell, the chromosomes recombine to generate multiple subpopulations of cells showing unique cytogenetic rearrangements within the expanded population.
Radiation-induced genomic instability
The current in vogue hypothesis to explain radiationinduced genomic instability is that radiation can initiate a process in a cell that can be communicated to other cells and cause a cascade of cellular events that results in the destabilized genome (Watson et al., 1997 (Watson et al., , 2000 Lorimore et al., 1998 Lorimore et al., , 2001 Morgan et al., 2002) . This can be perpetuated over time by a number of processes involving reactive oxygen species (Clutton et al., 1996; Limoli et al., 1998 Limoli et al., , 2001 Karanjawala et al., 2002) , cellto-cell gap junction communication (Azzam et al., 1998 (Azzam et al., , 2001 , dead and dying cells in the unstable population and/or secreted factors from unstable cells (Nagar et al., 2003) . Radiation-induced genomic instability appears to be independent of the P53 status of the irradiated cell (Kadhim et al., 1996) , but a number of genetic factors influence expression of the unstable phenotype (Paquette and Little, 1994; Ponnaiya et al., 1997; Watson et al., 1997) . Particularly important among these genetic factors is the target cells' ability to respond to the initial radiation insult, as studies suggest that the DNA repair genes XRCC2 and XRCC3 genes (Cui et al., 1999) and the catalytic subunit of DNA PK (Okayasu et al., 2000; Yu et al., 2001 ) may play important roles in maintaining chromosome stability after cellular exposure to ionizing radiation.
Genomic instability in cancer
The loss of stability of the genome is now widely accepted as one of the most important aspects of cancer Coleman and Tsongalis, 1999) . Nowell (1976) suggested that genomic instability within the original clone provides the requisite genomic plasticity to select more aggressive sublines and drive the stepwise tumor progression. The alterations found in tumors apparently occur throughout the genome and include subtle changes in DNA sequences as well as cytogenetically visible changes such as chromosome losses or gains, translocations and deletions. It is well known that specific translocations in leukemias and solid tumors lead to the activation of proto-oncogene products or, more commonly, creation of tumor-specific fusion proteins. Multiple chromosomal abnormalities have been described in a variety of human cancers (Mitelman et al., 1997; Mitelman, 2000) . The pattern of abnormalities varies greatly between malignancies, ranging from simple balanced rearrangements to complex abnormalities affecting both chromosome structure and number. Cells with such alterations may display deregulation of the cell cycle and a high mutation rate, which account for the mutator phenotype observed in many cancers and can provide selective growth advantages to some tumor cells (Cahill et al., 1999) . Thus, genomic instability is a dynamic process that continuously modifies the genome of tumor cells over time.
The importance of chromosomal instability in tumor progression and its association with cancer highlights the importance of understanding the mechanisms by which they arise. The mechanisms are likely complex and involve numerous cellular processes including mitotic checkpoint regulation (Cahill et al., 1998) , DNA-damage signaling and repair (Khanna and Jackson, 2001 ), as well as telomere maintenance and centrosome function (Kramer et al., 2002; Maser and DePinho, 2002) . Recently, a number of exciting research advances have suggested a role for nontargeted epigenetic effects in perpetuating radiation-induced genomic instability. In this review, we will compare radiationinduced chromosomal instability with the chromosome fragility syndromes in order to explore potential underlying mechanisms that drive the dynamic production of novel chromosomal rearrangements that characterize chromosomal instability and contribute to carcinogenesis.
Chromosome breakage syndromes
The chromosome breakage syndromes, ataxia-telangiectasia, Nijmegen breakage syndrome, ataxia-telangiectasia-like disorder, Bloom syndrome, Werner syndrome and Fanconi anemia are human autosomal recessive diseases characterized by inherited chromosomal instability and cancer predisposition. (Taylor, 2001; Duker, 2002; Thompson and Schild, 2002) . The pathways linking the genetic defect to the eventual development of various neoplasms remain unknown, but the chromosomal instabilities and neoplastic outcomes are related to specific genetic defects in DNA replication, DNA repair, cell-cycle checkpoint, or control of apoptosis. Ataxia-telangiectasia, Nijmegen breakage syndrome and ataxia-telangiectasia-like disorder are defective in the ataxia-telangiectasia mutated (ATM) (Lavin and Shiloh, 1997), NBS1 (Carney et al., 1998; Varon et al., 1998) and Mre11 (Stewart et al., 1999) genes, respectively. These genes are critical in the early detection of induced damage and subsequent induction of cellular response to repair the damage. The features shared by these diseases include chromosomal breakage, Radiation-induced genomic instability L Huang et al radiosensitivity, radioresistant DNA synthesis and defective cell cycle checkpoint control. Bloom syndrome and Werner syndrome are defective in the RecQ-like DNA helicases, BLM (Ellis et al., 1995) and WRN (Gray et al., 1997) , respectively. DNA helicases are a highly conserved group of enzymes that unwind DNA. They function in all processes in which access to singlestranded DNA is required, including DNA replication, repair and recombination. Defects in helicase function in one or more of these processes can result in genomic instability and cancer predisposition. The functions of the RecQ-like genes are unknown, but a growing body of evidence points to a function in restarting DNA replication after the replication fork has become stalled in the presence of DNA damage. The genomic instability associated with mutations in the RecQ-like genes includes spontaneous chromosome instability and elevated mutation rates (van Brabant et al., 2000; Hickson et al., 2001; Imamura et al., 2002; Nakayama, 2002) . Fanconi anemia is genetically heterogeneous with at least eight complementation groups involving six Fanconi anemia genes, as well as BRCA2 and other yet to be identified genes (Bagby Jr, 2003) . In addition to chromosome fragility, this genetic disease is associated with birth defects, bone marrow failure and cancer susceptibility (Joenje and Patel, 2001 ), but the molecular defect(s) in this rare disorder remain elusive. However, recent studies indicating that at least a subset of the Fanconi anemia phenotypes result from hypomorphic mutations in the breast cancer susceptibility gene BRCA2 (Howlett et al., 2002) suggest that defective DNA repair may underlie a fraction of the observed chromosomal instability (Patel et al., 1998; Stewart and Elledge, 2002) .
DNA double-strand breaks in radiation-induced genomic instability
It is immediately apparent that the chromosome fragility syndromes all share defects in cellular responses to induced DNA damage, particularly DNA double-strand breaks (Thompson and Schild, 2001; van Gent et al., 2001) . Likewise, there is emerging evidence that defects in cellular responses to radiation-induced damage can contribute to radiation-induced genomic instability (Cui et al., 1999; Okayasu et al., 2000; Yu et al., 2001) . Cellular exposure to ionizing radiation results in a variety of directly and indirectly induced DNA lesions, including base damage, DNA single-and double-strand breaks and DNA protein crosslinks (Ward, 1988) . The DNA double-strand break is the principal cytotoxic lesion induced by ionizing radiation and the primary lesion leading to chromosomal rearrangements (Morgan et al., 1988) . However, the DNA double-strand break per se does not appear to be involved in initiating genomic instability . Restriction endonucleases, which exclusively make double-strand breaks in the absence of any other types of DNA damage, do not induce genomic instability in either short-term (Wojcik et al., 1996) or long-term assays (Limoli et al., 1997b) . Likewise, incorporation and decay of radioactive iodine ( 125 Iodine) that results in a double-strand break in the area of a radioactive decay, causes little or no induced instability (Griffin et al., 2000) . Instead, the high frequency of radiation-induced instability reported by different investigators more likely reflects defective cellular responses to induced damage and/or alterations in gene expression that disrupt cellular homeostasis (Baverstock, 2000; Barcellos-Hoff and Brooks, 2001) which in turn can be modulated by the postirradiation culture environment (Paquette and Little, 1994) .
Alterations in gene expression and radiation-induced genomic instability
To this end, we have been investigating the hypothesis that changes in gene expression between stable and unstable clones are involved in the initiation and/or perpetuation of the unstable phenotype. Using the Genomic Solutions 1152 element human cancer cDNA chip containing two copies of each cDNA spot along with multiple blank spots for background corrections, we compared the expression profiles of irradiated but chromosomally stable GM10115 clones with mixtures of irradiated, chromosomally unstable GM10115 clones. Details on the induction and characterization of radiation-induced chromosomal instability in these cells are provided elsewhere (Marder and Morgan, 1993; Limoli et al., 1997a Limoli et al., , 1999 Limoli et al., , 2000 . The microarray analyses were repeated four times, and two methods were used to detect significant differences in gene expression. First, a 'fold-change' method was employed to identify 72.0-fold changes in expression in at least six of eight spots analysed. Second, the Stanford University 'Significance Analysis of Microarray' software program was used, and candidate genes meeting both criteria were selected for further analysis. In all, 61 genes were identified and, intriguingly, all were downregulated in the unstable clones.
One of the candidate genes identified by cDNA microarray analysis was BRCA2, which showed an average 2.65-fold reduction in unstable clones. Given its well-documented role in DNA repair and genome stability, BRCA2 was selected for further analysis. BRCA1 and BRCA2 proteins function as tumor suppressors and have multiple, complex roles in DNA damage-response pathway . Cells deficient for BRCA2 show extensive spontaneous chromosomal instability and increased sensitivity to genotoxic agents such as X-rays and mitomycin C (Patel et al., 1998; Tutt et al., 1999) . BRCA2 is required for efficient nuclear localization of the RAD51 protein, and BRCA2-deficient cells show reduced RAD51-dependent gene conversion but enhanced RAD51-independent single-strand annealing events, an error-prone repair mechanism potentially the cause of the increased chromosome instability (Moynahan et al., 2001; Larminat et al., 2002) .
To confirm the data from the microarray analysis RT-PCR, Western and Northern blot analysis and two functional assays for BRCA2, cytogenetic analysis and cell survival after exposure to DNA-damaging agents were performed. While the data from the RT-PCR and its quantification (Figures 2a and b) Cytogenetic analysis of two unstable clones, LS12 and Fe10-3, following exposure to 0.01 or 0.05 mm mitomycin C was not different from chromosomal aberrations observed in parental GM10115 cells or an irradiated but chromosomally stable clone RT210B (Figure 3 , Table 1 ). In agreement with the cytogenetic analysis, cell survival after mitomycin C or X-ray exposure was not different in unstable clones compared with parental or stable clones (Figure 4 ). Differential expression of BRCA2 was an attractive candidate for a role in radiation-induced instability, but detailed analysis of expression in a battery of stable and unstable GM10115 clones did not support the reduced BRCA2 expression indicated by cDNA microarray profiles.
While one would not expect a single gene to be responsible for the unstable phenotype in all unstable clones, it is reasonable to expect genes from critical pathways in cellular responses to DNA damage and repair to be involved, and other candidate genes are currently being investigated. It should be noted that using differential RNA display analysis we have previously identified the growth arrest DNA-damagedependent GADD45 gene (Hollander and Fornace, 2002) as being significantly downregulated in two of our chromosomally unstable GM10115 cell clones (Smith et al., manuscript in preparation). This is significant in that transgenic mice deficient in GADD45 show considerable genomic instability (Hollander et al., 1999) . RT-PCR analysis of BRCA2 mRNA levels and GAPDH control levels. Total RNA (2 mg) was reverse transcribed into cDNA using primers specific for GAPDH and BRCA. The resultant cDNA mixture (2 ml) was amplified and electrophoresed on a 2% agarose gel and visualized using ethidium bromide staining. Lanes 1, RT210B, stable control; 2, LS12, unstable; 3, 10-107-9, unstable; 4, Fe10-3, unstable; 5, 1056-11, unstable. (b) Quantification of RT-PCR products normalized to internal GAPDH band intensity using Bio-Rad Quantity One software. Values plotted are those versus normalized stable control values. Lane 1, RT210B, stable control; 2, LS12, unstable; 3, unstable; 4, unstable; 5, unstable. (c) Western blot analysis of whole cell lysates from stable and unstable clones. Total protein (20 mg) was electrophoresed on a 4-15% gradient gel, transferred to a PVDF membrane and probed with a human BRCA2 antibody and a mouse bactin antibody. Detection of antibody binding was by probing with the appropriate HRP-linked secondary antibody and visualized using KPL chemiluminescent substrate solution. Lanes 1, RT210B, stable control; 2, LS12, unstable; 3, unstable; 4, unstable; 5, unstable. (d) Quantification of BRCA2 protein levels normalized to b-actin control using Bio-Rad Quantity One software. Values plotted are normalized BRCA2 levels versus stable control values. Lanes 1, RT210B, stable control; 2, LS12, unstable; 3, unstable; 4, unstable; 5, unstable. (e) Northern blot analysis of BRCA2 mRNA levels. Total RNA (15 mg) was isolated from confluence-arrested stable and unstable cell lines, electrophoresed on a 1% gel and transferred to a nylon membrane. A random-primed labeled hamster BRCA2 cDNA probe was hybridized to the membrane to assess BRCA2 mRNA abundance. An 18S rDNA probe was used as a control for RNA loading and hybridization efficiency. Lanes 1, RT210B, stable control; 2, LS12, unstable; 3, unstable; 4, unstable; 5, unstable. (f) Quantification of Northern blot analysis using Bio-Rad Quantity One Software. Values plotted are normalized BRCA2 values compared with stable control. Lanes 1, RT210B, stable control; 2, LS12, unstable; 3, 10-107-9, unstable; 4, Fe10-3, unstable; 5, 10-56-11, unstable
Radiation-induced chromosome instability occurs at a high frequency (Kadhim et al., 1992; Limoli et al., 1999) and is relatively easy to study; consequently, investigation of radiation-induced genomic instability may provide unique insights into those processes involved in destabilizing the genome. The high frequency of induction indicates that the target for induced instability is large and probably involves a critical pathway involved in cellular responses to DNA damage. The chromosome breakage syndromes provide a paradigm for this in that critical mutations in what appear to be single genes disrupt major pathways involved in maintaining chromosomal stability (Wright, 1999) . As a consequence, individuals with these syndromes show elevated spontaneous chromosomal instability. Chromosomal rearrangements are the hallmark of many cancers, and understanding how disrupting a critical cellular response pathway can lead to cancer might also suggest potential treatment strategies for aggressively targeting tumors with chromosomal instability phenotypes.
Epigenetic contributions to radiation-induced genomic instability
While radiation-induced chromosomal instability and the chromosome breakage syndromes may share common pathways involving truncations in pathways involved in cellular responses to induced DNA damage, they may also share similar epigenetic factors that might modulate the unstable phenotype. Recent evidence suggests that chromosomal instability can also occur in cells that were not irradiated but were in the radiation environment. Lorimore et al. (1998) exposed cells to alpha particles, but interposed a grid between some of the cells and the alpha particle source so that the surviving population consisted predominantly of cells not traversed by radiation. Their data clearly demonstrated that chromosomal instability could be induced in the nonirradiated cells indicating unexpected interactions between irradiated and nonirradiated cells. Subsequent studies have demonstrated that nontargeted or bystander-like effects may play a significant role in induced genomic instability (Seymour and Mothersill, 1997; Watson et al., 2000; Lorimore et al., 2001) . The evidence for these epigenetic effects in vitro (Morgan, 2003a) and in vivo (Morgan, 2003b) has recently been the topic of extensive review, and only potential similarities between clastogenic factors from individuals with chromosome breakage syndromes and epigenetic Radiation-induced genomic instability L Huang et al effects of radiation that might influence the manifestation of chromosomal instability will be considered here.
Clastogenic factors in plasma from patients with chromosome breakage syndromes
A number of reports have described the presence of transferable clastogenic material in the plasma of blood samples from individuals with the chromosomal breakage syndromes ataxia-telangiectasia (Shaham et al., 1980) , Bloom syndrome (Emerit et al., 1982) , or Fanconi anemia (Emerit et al., 1995) . These clastogenic factors were able to cause chromosomal aberrations in peripheral blood samples from normal healthy subjects after coculture with plasma from afflicted patients (Emerit, 1990) . Emerit (1994) has speculated that chromosomebreaking factors (clastogenic factors) in the plasma from these cancer-prone individuals are self-sustaining and long lasting, and, in patients, the clastogenesis process may exceed the DNA repair capacity of the cell and ultimately lead to cancer. It should be stressed that clastogenic factors are not unique to individuals with chromosome fragility disorders but have been reported in humans after accidental, occupational or therapeutic radiation exposures as well as in blood plasma after whole-body stresses as diverse as asbestos exposure, ischemia-reperfusion injury and occur spontaneously in patients with hepatitis C, Crohn's disease and scleroderma (reviewed in (Morgan, 2003b) . Radiation-induced chromosomal instability appears to involve a significant epigenetic component and a link between nontargeted bystander effects resulting in chromosomal instability in nonirradiated cells in vitro (Seymour and Mothersill, 1997) and in vivo (Lorimore et al., 2001; Watson et al., 2000) has been demonstrated. Furthermore, Nagar et al. (2003) in our laboratory have found that the medium from chromosomally unstable GM10115 clones contains factors that are cytotoxic to parental nonirradiated GM10115 cells. This so-called 'death-inducing effect' results from factors secreted into the culture medium by unstable cells that kill normal cells by both chromosome breakage and apoptotic pathways (Nagar et al., manuscript in preparation) .
Chromosomally unstable cell clones are able to survive despite secreting these factors, and we speculate that the secreted factors are responsible for the increased reproductive cell death characteristic of many of these unstable clones (Nagar et al., 2003) . Furthermore, these secreted factors most likely provide the self-sustaining long-lasting source perpetuating chromosomal instability over time. Clearly identifying and characterizing these factors is of major importance and is the subject of intense investigation in our laboratory.
Summary
Cell cultures exhibiting radiation-induced chromosomal instability and cells from patients with the chromosome breakage syndromes share common features: dynamic chromosome fragility, which may be modulated by truncations in pathways involved in cellular responses to DNA damage, and the potential to secrete self-sustaining long-lasting factors that may perpetuate the instability phenotype over time. Radiation can cause cancer, and many cancer cells show karyotypic abnormalities. Furthermore, individuals with chromosome fragility syndromes are cancer prone, implicating a common mechanism involving genome destabilization in the cancer process. We hypothesize that failure to appropriately respond to challenge with a DNAdamaging agent, coupled with an abnormal culture microenvironment involving self-sustaining long-lasting secreted factors, may be involved in both radiationinduced genomic instability and the cancer-prone disorders characterizing the chromosome breakage syndromes and play a pivotal role in the carcinogenic process.
